In this chapter, we presents a comprehensive description regarding the experimental strategy for making various pure and coated systems of monodispersed metal basic carbonate/metal oxide particles of ceramics importance. Most of the presented systems have been synthesized in the authors' laboratories by using urea-based homogeneous precipitation process. The pure systems include copper basic carbonate and copper oxide, cadmium carbonate and cadmium oxide, cobalt basic carbonate and cobalt oxide, nickel basic carbonate and nickel oxide, and zinc basic carbonate and zinc oxide, and the coated systems include tin oxide-coated hematite, copper oxide-coated nickel oxide, nickel oxide-coated cadmium oxide. The role of applied experimental parameters and composition of the reactant mixtures in the formation and growth process is highlighted. In addition, some preliminary results on the monodispersed zinc oxide-based gas sensor for the detection of low concentrations of nitrous oxide are also discussed, which are relevant and pertinent in the metering of ppb levels of nitrous oxide-a greenhouse gas-via its decomposition on zinc oxide surface composed of monosized submicron particles.
INTRODUCTION
It has long been recognized by chemists, ceramic scientists and engineers that properties of the powder materials, such as particle shape, size, and their uniformity affect the characteristics of the finished products significantly. Therefore, the area of research that deals with the developmental methods for the preparation of fine powders endowed with uniformity in size and shape are considered to be the backbone of the hi-tech ceramics development.
On the commercial scale, fine powders are made by a mechanical process, such as ball milling or attrition milling of the coarse powders. However, it is almost impossible by this method to produce fine powders, comprising monosized particles. Alternatively, metal hydroxides are produced first by precipitation followed by calcination at moderate to high temperature. In this case, the precipitation of metal ions from aqueous solutions is carried out either by direct or indirect process. In the direct method, aqueous solution of a base is added to the metal ions * Author to whom correspondence should be addressed.
solutions, which leads to the formation of precipitated metal hydroxide. The latter is either gelatinous in nature or composed of particles that are irregular in shapes and sizes. Following these observations, one can imagine that direct addition of base to the metal ions solution may not be considered as an effective method for the production of precipitated particles, having uniform morphological features.
In contrast, the indirect precipitation process involves the creation of such environment in the same medium which ultimately leads to the precipitation of the dissolved metal ions. This method is generally termed as homogeneous precipitation. This sort of precipitation environment is generally created by two methods, i.e., (a) de-protonation of the hydrated metal ions in aqueous solutions by heating, and (b) increase in pH of the medium by in-situ thermal decomposition of water soluble organic compounds, such as urea and hexamine.
The idea of precipitation of the dissolved metal ions by the de-protonation process was inferred from the observation, 1 in which pH of aqueous solutions of polyvalent metal ions was seen to decrease upon heating.
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Guest Researchers confirmed that this decrease in pH was due to the thermally-initiated liberation of protons from the hydrated polyvalent metal ions. On maintaining the reacting solutions at high temperatures, de-protonation of the hydrated metal cations proceeds till the formation of hydrated metal oxide precipitates. This method is called forced hydrolysis.
1-3 The rate of de-protonation reaction-deemed critical for the production of monosized particles-depends on a number of parameters, such as nature of the polyvalent metal cations, composition, initial pH, ionic strength of the reaction mixture, temperature and, aging period. Among all, temperature is considered the most influential variable for the production of particles with a narrow particle size distribution.
In the case of de-protonation of the polyvalent hydrated metal cations, temperature in the vicinity of 100 C is adequate. In the case of hydrated divalent cations, higher temperature is needed and thus the process is conveniently carried out under hydrothermal conditions. Thus, by varying these parameters in a systematic way, a variety of products with novel morphologies could be generated for a number of niche applications.
Similarly, in the case of urea-based method, the metal ions solution containing sufficient amount of the dissolved urea, is heated under optimized experimental conditions (such as temperature, stirring, gas purging, etc.) for various durations, depending on the nature of the metal ion, its concentration and initial pH of the medium. In this case, heating triggers the decomposition of urea in aqueous solution which starts releasing carbonate and hydroxide ions within the system. [4] [5] [6] [7] Once a stage of super saturation with respect to carbonate and hydroxide ions is reached, nuclei of the metal hydroxide or metal basic carbonate are formed in a single burst. They then grow in size and terminate into fully grown precipitate of the metal basic carbonate. The full grown particles come into existence either by coagulation of the formed nuclei in a controlled manner or, by the uniform accumulation of the precipitated solids around the formed nuclei due to adsorption of the dissolved precipitant species.
The urea-based precipitation process has been successfully employed by many researchers for the production of a number of single and composite systems of metal basic carbonates/oxides. [8] [9] [10] [11] In most of these studies, however, it has been observed that the pH, temperature, heating method, volume and composition of the reactant solutions, reactor design etc., significantly affect the properties of the precipitated particles. Tweaking and tuning of any of these parameters would affect the nucleation and subsequent particle growth process in a significant way, which in turn may introduce drastic changes in the morphology and size distribution of the resultant solid particles. Therefore, one ought to take into account these factors in order to tailor the morphological features of the precipitated particles.
In this paper, we present a review of the research carried out by the researchers for the production of pure and coated systems of uniform fine particles of inorganic compounds by the urea-based homogeneous precipitation process. The rationale for the emphasis on urea-based process is its simplicity.
PURE SYSTEMS

Copper Basic Carbonate and Copper Oxide
Copper basic carbonate (CBC, CuCO 3 · Cu(OH) 2 powder possesses greenish color and is one of the popular colorants for ceramic glaze. However, the color intensity and purity depends upon the particle uniformity with respect to shape and size and their dispersibility in the glaze precursor slurry. As such, it is generally desirable in this application that CBC colorant should comprise of particles that are uniform in shape and size.
Smith et al. 12 carried out a study in which they employed copper basic carbonate as impregnating agent in making respiratory filters. They noticed that the copper basic carbonate loaded material possessed enhanced capability for filtering toxic gases. In this study, though the authors did not mention the particle morphology, we believe that by using uniform fine CBC particles in the impregnation process, the quality of the activated carbonbased respiratory filters could further be improved in a reproducible manner.
CBC has also been used on many occasions as a precursor for the production of monosized copper oxide. 13 14 In majority of these studies, copper basic carbonate particles were produced in different shapes and sizes by the urea-based homogeneous precipitation process and then transformed into copper oxide particles by controlled calcination at the elevated temperatures. This is regarded as one of the effective ways of producing monosized particles of copper oxide, which is of much technological importance, since the role of particle uniformity of these powders has been acknowledged by the copper oxide end users in many hi-tech applications, [15] [16] [17] [18] including its use as a sintering aid for ceramics 19 20 and in gas sensor applications. 21 Owing to their importance in various applications, demand for producing uniform powder of copper basic carbonate and copper oxide has been on the rise in the recent years. In this regard, a number of research groups have worked on establishing methodologies for the production of uniform shaped and sized CuCO 3 · Cu(OH) 2 particles and their correlation with various aspects of this material in terms of its physical properties. For example, Matijević and Kratohvil 22 synthesized CBC particles by homogeneous precipitation with urea from copper-ion containing aqueous solutions. The solutions were heated at 90 C resulting in the formation of CBC precipitates. In this study, the authors optimized the synthesis conditions and produced monosized CBC particles of different shapes and sizes. It was found that among several parameters, nature of the starting salt solution had significant affect on the 23 produced spherical particles of CBC and used them as cores for coating with titania. When calcined at 700 C for 1 h, the core (CBC) and coated (titania on CBC) precursors were transformed into copper oxide and titanium oxide/copper oxide systems, respectively. A slower heating rate (5 /min) assisted in retaining the original morphology in the pure and coated particles.
Zhang et al. 24 synthesized CBC particles of different morphologies by heating aqueous solutions, containing urea and copper acetate, copper chloride or copper nitrate for different duration. Their particles were mostly peanutshaped bundles of nanoribbons. Upon heating at 350 C for 3 h, the powder was converted into copper oxide. It was found that calcination retained the particle morphology possibly due to loss of gaseous species during heating. Shaheen et al. 25 studied the thermal behavior of commercial CBC in the temperature range 300-1000 C and found that it was converted into CuO and Cu 2 O at 300 and 950 C, respectively. On the other hand, Haq and Haider 26 produced CuO and CuO/Cu 2 O from copper oxalate particles by heating them at 350 C. It was observed that unlike the work of Shaheen et al. 25 composition of the heattreated product was dependent upon the size of copper oxalate particles rather than the calcination temperature. This anomaly between the two studies in obtaining oxides of copper could be ascribed to the compositional variation of the starting material. Figure 1 shows the systematic morphological evolution in a typical batch of copper basic carbonate particles synthesized in our laboratory, using the urea-based homogeneous precipitation method. 23 As can be seen, the particles are spherical in shape and possess high degree of uniformity with respect to shape and size. It is apparent that the synthesis conditions used have significant effect on the size distribution in the final product. For example, the particles seen in Figure 1 (B) were produced under the same conditions as those employed for the synthesis of the particles in Figure 1 (A) except that the concentration of urea was almost doubled (from 0.43 to 0.81 mol dm −3 . Thus, it can be seen that change in the concentration (and hence the amount) of the precipitant (urea) in the reactant mixture led to the formation of a system of polydispersed particles. From this, it can be inferred that the relatively large amount of urea in the latter mixture appeared to have disturbed the nucleation process and the subsequent growth process due to the formation of excess amount of carbonate and hydroxide ions than those required for the production of monodispersed system of copper basic carbonate particles.
Similarly, it was noted that heating the mature particles ( Fig. 1(A) caused significant damage to the particles integrity, as evidenced from the SEM image shown in Figure 1(C) . This indicated that supply of heat energy during the formation stage might have helped in shaping the particles until their full growth; continued heating, however, resulted in damaging the well-formed particles. Upon isolation from the mother liquor, followed by drying and heating at 400 C, the CBC particles ( Fig. 1(A) ) were converted into copper oxide ( Fig. 1(D) ) with negligible change in their morphology. This observation led to the conclusion that the interstitial water trapped within the CBC complex during the growth process, was likely to be removed in the form of (a) liquid water, while in the mother liquor and, (b) water vapors, when in dry state. We believe that in the first case, the removal of the trapped water in the liquid phase could have weakened the physical structure, which led to cause damage to the particle integrity. In the second case, the trapped water had no other means but to come out in the form of vapors due to high temperature. The latter process did not affect the particle morphology; slight increase in the surface roughness ( Fig. 1(D) vs. 1(A)) could be due to the materials loss by way of water and carbon dioxide evolution during the phase transformation from copper basic carbonate to copper oxide.
Cadmium Carbonate and Cadmium Oxide
Cadmium oxide is a well known n-type semiconductor, possesses a band gap of 2.29 eV and is being used in many technological systems. For example, Jianquan et al. 27 studied the doping behavior of CdO in BaTiO 3 -based PTCR ceramics and found that it resulted in the enhancement of PTCR effect of this ceramic material. In a separate study, 28 the same authors noted that the CdO dopant decreased the sintering temperature of BaTiO 3 ceramics. Similarly, Saravanan et al. 29 employed CdO/ZnO composite nanorods as photocatalysts for the degradation of methylene blue under visible light. In addition, Salunkhe et al. 30 fabricated CdO-based sensor for the liquefied petroleum. Apart from the above-mentioned applications, CdCO 3 and CdO have numerous other applications discussion of which is not relevant to this chapter. Cadmium carbonate is a precursor material for the production of cadmium oxide, since on heat treatment the former converts into cadmium oxide.
Keeping in view the role of particle size and shape of CdCO 3 and CdO in the properties of the solids, containing both these materials in part or whole, a number of researchers have made attempts to synthesize them in various morphologies for different applications. For instance, Askarinejad and Morsali 31 established conditions for the synthesis of CdCO 3 nanoparticles, using cadmium acetate and tetramethylammonium hydroxide as the starting materials. The as-prepared CdCO 3 nanoparticles were then converted into CdO by heating at 400 C. In contrast, Ristic et al. 32 produced Cd(OH) 2 particles by mixing aqueous tetramethylammonium hydroxide with ethanolic solution of cadmium acetate. After autoclaving at 220 C, they obtained cadmium hydroxide, which was converted into cadmium oxide upon calcination at 300 C. Similarly, Ashoka et al. 33 have synthesized nanowires of CdCO 3 by the hydrothermal method by establishing conditions under which aqueous cadmium acetate was converted into dispersion of cadmium carbonate by a so-called selftransformation process. After isolation from the mother liquor, the cadmium carbonate particles were converted into porous particles of cadmium oxide upon heating.
These examples amply demonstrate that the starting material as well as the conditions of synthesis, significantly affect the nature of the precipitated cadmium compounds. Haq and Akhtar 34 35 have also synthesized cadmium carbonate and cadmium oxide particles from cadmium sulfate using the urea-based homogeneous precipitation method by creating benign conditions under which cadmium carbonate with uniform morphology was formed. It was found that even small changes in the synthesis conditions, such as composition of the reactant solution mixtures with respect to the precipitant (urea), nature of cadmium precursor and the aging temperature caused significant variation in the shape, size and size distribution. This is illustrated in Figure 2 .
Since the urea-based precipitation method is quite flexible, more homogeneous cadmium carbonate particles (shown in Fig. 2 (B)) were produced by reducing the aging time from 1 1 2 to 1 h. Consequently, the image 2(B) consists of cadmium carbonate particles that display much narrower size distribution. Upon heating at 700 C, cadmium carbonate is converted into cadmium oxide ( Fig. 2(C) ) while maintaining the original shape to a great extent. Evidently, the loss of carbon dioxide from the as-prepared cadmium carbonate generated uniform porosity in the final product. In addition, it can be easily seen that each particle consists of nearly spherical subgrains which further lends support to the fact that the formation of larger grains came into existence by the convergence of a number of smaller spherical particles. The void spaces apparently got filled with the carbonate containing material during the ripening process, which decomposed upon heating leaving behind the observed porosity.
Cobalt Basic Carbonate and Cobalt Oxide
Cobalt basic carbonate possesses violet color and is being used as colorant in pottery glazes. 36 On heating at elevated temperatures, it converts into different types of cobalt oxides (Co 2 O 3 , Co 3 O 4 . Depending upon the heating environment, each batch was endowed with different shade of color, according to the prevalent oxidation state of cobalt in it. Xing et al. 37 have produced cobalt basic carbonate powders (in nanorod morphology) by the urea-based homogeneous precipitation process. Similarly, Yu et al. 38 synthesized cobalt basic carbonate nanobelts using hydrothermal process with hexamethylenetetramine as the precipitant. The hydrothermal method was also attempted by Wang et al. 39 who used urea, cobalt chloride, and Polyvinylpyrrlidone (as a surfactant), and noted that in addition to nanorods, cobalt basic carbonate could also be produced in the form of nanosheets.
The morphology of cobalt basic carbonate prepared by us 40 is shown in Figure 3 . Figure 3 (A) shows that each particle is composed of nanofibers/nanopins apparently emerging from the central core. The as-prepared particles had pinkish color and were easily dispersible in aqueous media. Moreover, XRD analysis showed that they were amorphous material. Upon heating at 700 C for 1 h in air at a rate of 15 /min, they were transformed into crystalline cobalt oxide (Co 2 O 3 without sintering (Fig. 3(B) ). It can be seen that upon calcination, the fibrous texture of the original cobalt basic carbonate was destroyed resulting in particles that were made up of rather loosely packed submicron-sized spherical particles. This change in morphological features of the particles could be attributed to coalescence of the nanofibers with the concomitant loss of material during heat treatment.
Nickel Basic Carbonate and Nickel Oxide
Nickel basic carbonate is also used as colorant in ceramics because of its pleasant light green color, which is retained in the glaze for a long time. Commercially, it is produced by aqueous precipitation using nickel sulfate and ammonium carbonate. However, for coloring applications, uniformity of shape and size is of high relevance and uniform distribution of these additives in the ceramic matrix assumes greater importance. In addition, nickel basic carbonate is also used as a precursor material for the production of nickel oxide, which is being used in many applications, such as fabrication of gas sensors, 41 solar cells, 42 electrochromic materials, 43 44 ceramic sintering aid, 45 dielectric ceramics 46 and fuel cell anode, 47 etc. Nickel basic carbonate powders were produced from aqueous solutions containing appropriate amounts of urea and nickel nitrate, acetate and sulfate. 48 They were converted into nickel oxide particles by heating at appropriate high temperatures. Nickel basic carbonate was produced in different shapes and sizes by employing reactant solutions of rather different compositions than reported by others. Morphological features of nickel basic carbonate and oxide thus produced are shown in Figure 4 .
The difference in the surface features and particle size of the final products with identical chemical composition could be ascribed to the difference in compositions of their precursor solutions. This characteristic underscores the sensitivity of the properties of the solids to the composition of the starting mixtures and the conditions employed for synthesis. Though the chemistry and kinetics involved in the formation and growth process in the homogeneous solutions is rather complex, we believe that novel morphological shapes and sizes could be produced, provided a complete control over the chemistry of their formation and subsequent growth is achieved.
Thermogravimetric analysis 49 showed that nickel basic carbonate particles lost gaseous components such as water and carbon dioxide at about 350 C. For example, when powders with morphology shown in Figure 4 (C) were heated to 400 C (heating rate: 15 /min) in air, the light green nickel basic carbonate was transformed into black NiO powder; the SEM image of the NiO thus obtained is shown in Figure 4 (E). As can be seen, each particle appears to be an aggregate of several nanosized particles. This is akin to the case of cadmium carbonate discussed above, thus confirming the mechanistic pathway that the formation of nickel basic carbonate also originated from the aggregation of the smaller particles which is seen in the final product, namely NiO.
Another interesting aspect was the formation of a few doughnut-shaped particles, seen scattered in one of the batches of nickel basic carbonate (Fig. 4(D) ). On heating up to 400 C, the doughnuts resulted in the morphology shown in Figure 4(F) , where they maintained their original aggregate shape but lost the surface features, obviously due to loss of material during heat treatment. However, now the doughnut consists of an aggregate of several nanosized particles. It should be pointed out that it is possible to produce powders consisting of only doughnut-shaped particles by carefully tuning composition of the reactant mixture and tailoring other experimental conditions.
Zinc Basic Carbonate and Zinc Oxide
Zinc oxide is used extensively in various applications, such gas sensors, catalysts, pigments, ceramics, semiconductors, optoelectronic and piezoelectric devices, cosmetics, etc. It is believed that uniformity in the shape and size of zinc oxide has positive effect on the reproducibility of its properties in the above-mentioned applications. Zinc basic carbonate is a precursor material for the production of zinc oxide, which can be produced by various wet chemical methods in which particle shape, and size can be controlled to a significant extent. On controlled calcination at high temperatures, this material is converted into zinc oxide powder whose morphological features closely resemble that of its precursor.
Musić et al. 50 have attempted to produce zinc oxide by the urea decomposition process as well as by the reaction between zinc nitrate and ammonium hydroxide. However, the authors did not succeed much in producing monosized zinc oxide in either of these approaches. Bitenc et al., 51 however, succeeded in synthesizing monosized hexagonal rods of zinc oxide. They had employed urea as a precipitating agent of zinc ions from zinc nitrate solution. In this case, they varied the experimental parameters in a systematic manner and produced zinc oxide of various shapes and sizes. Wahab et al. 52 precipitated hydrozincite particles by heating aqueous solution of zinc acetate and urea at 70 C under reflux conditions; the particles were in the form of nanospheroids which upon calcination were converted into zinc oxide. Zhang et al. 53 had successfully synthesized ZnO nanorods by reflux-heating zinc nitrate solution and urea made in water/ethanol mixture. Similarly, Wei and Chang 54 prepared zinc oxide nanoparticles hydrothermally at 50 C under sonication. They used aqueous solutions of zinc chloride and potassium hydroxide in the presence of surfactants such as, cetyltrimethylammonium bromide (CTAB) and triethanolamine (TEA). Recently, Liu, et al. 55 produced basic zinc carbonate in lamellar spherical morphology by the urea-based homogeneous precipitation process and converted them into zinc oxide by heating at 300 C. The zinc oxide thus obtained was then loaded with gold nanoparticles and the resulting hybrid material was employed as sensor for the detection of ethanol and methanol vapors. The authors reported that the hybrid material demonstrated improved sensitivity and fast response as compared to the sensor based on virgin zinc oxide.
In our work, zinc oxide was made from a zinc basic carbonate precursor, which in turn was synthesized by the urea-based homogeneous precipitation process-a strategy well-established in other systems investigated by us. In this process aqueous solutions, containing urea and zinc sulfate in different molar ratios were heated at 85 C for various periods of time. The SEM images of various batches of zinc basic carbonate produced under different experimental condition (described in the caption) are shown in Figure 5 .
In Figure 5 (A), though the particles comprise of different morphologies, all of them are made up of nanofibrillar needles. It appears that initially the primary growth was in the form of thin fibers, some of which then aggregated together in the form of spheres while other aggregated in different fashion. However, when the same solution is heated to boiling, the morphology changes as seen in Figure 5(B) . In this case, most of the particles are spheroids with some scattered rods. Interestingly though, the surface features of these spheroids are different from those seen in Figure 5 (A). This suggests that higher temperature (boiling vs. heating at 85 C) facilitated the formation of more compact spheres in mixtures of same composition. However, by varying the concentration ratio of the two reactants and the heating time, submicron-sized rods of zinc oxide rather than zinc basic carbonate were produced ( Fig. 5(C) ). This observation leads one to the conclusion that in addition to the composition, temperature and time played a major role in shaping these particles. Based on these observations, the experimental conditions were further optimized with respect to the composition of the starting mixture while keeping the temperature constant.
In general, the synthesis consisted of heating aqueous solution containing 0.05-0.20 mol dm −3 urea or 0.001-0.015 mol dm −3 hexamine, 0.2-0.4 mol dm −3 zinc nitrate, and 0-10 vol.% ethylene glycol under reflux condition for various durations (cf. 20-60 min). Particles with reasonable uniformity were obtained under narrow set of experimental conditions, demonstrating once again the pronounced sensitivity of the morphological aspects of the end product towards the synthesis conditions employed. Figure 6 show selected batches of the zinc oxide particles produced under the described conditions, which clearly indicated that particles with different shapes and sizes could be tailored by controlling the applied synthesis conditions.
In the following, the effect of various process variables on the morphology is highlighted. (i) Effect of the additive. Inspection of the micrographs in Figure 7 reveals that 4 vol.% addition of the additive (ethylene glycol) produced significant change in the particle shape and size. In the absence of additive, the particles were rod shaped whereas in the presence of the additive the particles were of larger size and had pointed tips. Moreover, well-balanced cross shaped particles can also be seen in the micrograph B. It is added that to our knowledge, we are first to report zinc oxide particles in shape and size, displayed in micrograph B. At present, it is difficult to account for the observed morphology. However, we have made a comprehensive work plan in order to unfold the mystery behind the particles' growth in the observed shapes and sizes in the presence of ethylene glycol.
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Guest (ii) Effect of the nature of additive. The particles shown in Figures 8(A and B) were obtained in the presence of 4.5 vol% ethylene glycol and ethanol, respectively, while keeping other process variables identical. As can be seen, the morphology as well as the size was significantly affected by the nature of the additive used. In the case of ethylene glycol, more or less individual rice grainshaped solid particles evolve, while in the presence of ethanol, hollow but more clearly faceted geometric clusters are seen to form. These variations are the artifacts of the change in the viscosity as well as the dielectric constant of the solutions due to the presence of different additives.
(iii) Effect of zinc nitrate concentration. The relative concentration of the metal ions of interest and the precipitant is a crucial factor in imparting the morphological features, in addition to affecting the chemistry of the final solid end product. This aspect is illustrated in the SEM images shown in Figure 9 .
In the first case ( Fig. 9(A) ) hexagonal rods of zinc oxide are formed. Upon doubling the molar concentration of zinc nitrate in the solution, one obtains powders that are composed of large size spheroids of zinc basic carbonate and aggregated rods of zinc oxide. This underlines the fact that the fate of the precipitated particles with respect to their composition and morphological features depends on composition of the starting mixture in a sensitive manner. Thus, it appears that in case A, most of the zinc nitrate got consumed in the precipitation of zinc oxide rods. In case B where the concentration of zinc nitrate was doubled, the availability of more zinc nitrate, initiated a second but simultaneous stage of precipitation by urea in solution, thereby producing zinc basic carbonate rather than zinc oxide. These results are novel, but at present no appropriately convincing explanation could be offered with regard to the exact underlying mechanism pertaining to the formation of two phases of different morphologies. More work is in progress to develop a mechanistic pathway that would corroborate the experimental observations. 56 
Monosized Zinc Oxide-Based N 2 O Sensor
As was alluded above, zinc oxide has been extensively employed for the fabrication of chemical sensors for the detection of reducing gaseous such, carbon monoxide, ethanol, ammonia, and automobile exhaust gases. [56] [57] [58] [59] It has now been well-established that the response/recovery time, agility and sensitivity of these sensors is a strong function of their surface characteristics such as, particle morphology, size, intergrain connectivity and the porosity. In our work, it became apparent that the performance of sensors based on monodispersed and monosized ZnO particles was better than those made with commercial powders. 56 Nitrous oxide (N 2 O) is an important greenhouse gas. The greenhouse effect of a particular species is measured and expressed in terms of its global warming potential (GWP), which is the ability of each greenhouse gas to trap heat in the atmosphere relative to another gas. The definition of a GWP for a particular greenhouse gas is the ratio of heat trapped by one unit mass of the greenhouse gas to that of one unit mass of CO 2 over a specified time period. Due to its long atmospheric lifetime (approximately 120 years) and heat trapping effects-the global warming potential (GWP) of N 2 O is 310. Recently, USEPA announced the need for urgent control of nitrous oxide (N 2 O) in the ambient environment.
Nitrous oxide comes from both natural and humanrelated sources. The naturally produced (mainly via lightening) N 2 O is removed from the atmosphere mainly by photolysis (i.e., breakdown by sunlight). Nitrous oxide is also produced naturally from a wide variety of biological sources in soil and water, particularly microbial action in wet tropical forests. The anthropogenic sources of N 2 O are: agricultural soil management, mobile and stationary combustion of fossil fuel, and adipic acid and nitric acid production. The cumulative N 2 O emission in the US from various sources in 2007 was 31 2 × 10 10 kg CO 2 equivalents. 60 Given the potency of N 2 O and the urgency to control and combat the effect of greenhouse gases towards global warming, it is imperative that systems and devices be developed to effectively sense, meter and destroy this greenhouse gas. In a classic paper published in 1950, 61 Wagner discussed the mechanism of N 2 O decomposition on ZnO surface, which was attended by a concomitant change in the film conductivity. Thus, a thick or thin ZnO film endowed with attractive morphological features and grains in nanoscale is envisaged to enhance the detection as well as the decomposition of nitrous oxide by several orders of magnitude. It is well known that uniformity of particle shape and size is essential for reproducible results in such applications. Thus, it follows that the performance of ZnO-based N 2 O sensor and destroyer could be significantly improved by using a precursor that comprised of nanosized particles with uniform morphology.
With this goal, a sensor film consisting of particles shown in Figure 9 (A) was deposited by the centrifugation process on the alumina substrate decorated with interdigitated gold electrodes, from a 0.02 wt% aqueous dispersion of the precipitate. The film was subsequently dried at room temperature. Sensor was completed by attaching gold wires to the electrodes and placed in a quartz flow reactor tube, which in turn was located in the uniform temperature zone of a furnace with low thermal mass. The film resistance was continuously measured by a digital multimeter interfaced with a PC through a data logger, as a function of temperature in the range of 300-400 C, both in nitrogen (background gas) as well as in nitrogen containing 3 ppm of N 2 O (test gas), flowing at a rate of 50 Sccm. The results are shown in Figure 10 .
There are several interesting features in Figure 10 . First, the film registered higher resistance in a mixture containing 3 ppm of nitrous oxide in nitrogen than in pure nitrogen. Second, the film resistance decreases in pure nitrogen background as well as in the mixture with 3 ppm of nitrous oxide. The decrease in resistance with increasing temperature is the manifestation of the fact that zinc oxide is an n-type semiconducting oxide. However, it is the rate of decrease of film resistance in the two environments which is more interesting from the detection and metering point of view. In the case of nitrogen, the film resistance decreases rather weakly. On the other hand, in the presence of as low as 3 ppm nitrous oxide, the slope of the resistance-temperature curve is rather steep and pronounced. Third, the gap between the film resistance in the two gases decreased with increase in temperature; the gap is larger at lower temperatures. This means it is easier to detect N 2 O at lower rather than at higher temperatures. For example, at 300 C, the resistance of the film is 1.8 and 2.8 k , in pure N 2 and 3 ppm N 2 O-N 2 respectively. Thus, the film resistance increased by 1 k in the presence of 3 ppm of N 2 O which corresponds to a change of 0.33 /ppb N 2 O which is quite good. More systematic work is underway, but these preliminary results are encouraging in the sense that planar devices fabricated with monosized fine particles of ZnO possess high sensitivity for the detection of nitrous oxide gas at sub-ppm level.
The observation that the film resistance increases in the presence of nitrous oxide in the ambient leads to the speculation that there is the likelihood of the following pathways via dissociation and adsorption on the ZnO surface:
O 2 ads + 2e
The first two steps pertain to the decomposition of nitrous oxide on the semiconducting zinc oxide surface, releasing oxygen, which gets adsorbed, first molecularly in step (3) and then electronically in step (4) on the ZnO surface by extracting electrons from its conduction band. This creates a ZnO surface of highly resistive state at a given temperature in an environment where nitrous oxide is present. This model explains the experimental observation shown in Figure 10 . More work is underway to see if the above model works in backgrounds that have finite oxygen partial pressure (for example, air). Also under investigation are features such as response time (t 90 and recovery characteristics of ZnO-based N 2 O sensors.
COATED SYSTEMS
The coated chemistries are generally composed of cores of one type of compound and shells of other type of compounds. The use of coated particles is considered crucial in many industrial applications. For example, coating particles of one composition with shells of another formulation brings significant changes in their properties, such as optical, magnetic, etc. Similarly, coating is also helpful in bringing materials of a given composition into convenient shape. This is generally achieved by coating a given material on inert cores of desired shapes and sizes. In addition, coating ceramic oxide particles with e.g., copper oxide (sintering aid) is considered helpful in achieving sintering and densification of certain ceramic components at low temperatures. In this regard, researchers have developed recipes for a number of systems composed of shells and cores of entirely different compositions. [62] [63] [64] [65] [66] Production of uniformly coated particles is very sensitive to the synthesis conditions as well the properties of individual core and shell materials. In a typical coating experiment, a dispersion of the core particles is made in aqueous solution containing mostly urea and the metal salt of interest. These core particles act either as suspended substrates for the growth of precipitated shells or partners for the heterocoagulation of the coating precursor. The dispersion is heated at and up to certain temperature for a known period of time. At the end of this treatment, the dispersed solids are separated from the mother liquor, washed, dried and analyzed. Below are discussed some examples of coated particles.
Tin Oxide-Coated Hematite
Tin oxide/hydroxide could be deposited on hematite particles in the form of smooth precipitated shells by heating aqueous dispersion of hematite cores in tin sulfate and urea solution. 67 However, in order to examine the effect of composition of the coating mixture, if any, on the properties of the coated particles, hematite particles were prepared by a forced hydrolysis process and coated with tin hydroxide/oxide under the conditions described in the caption of Figure 11 (A). After coating, the dispersed solids were separated, washed, dried and examined with scanning electron microscope (Fig. 11(B) ). The obvious difference in surface morphology of the particles in Figure 11 (B) in comparasion with those displayed in Figure 11 (A) could be attributed to the deposition of coating material on the dispersed cores under the conditions, described in the legend of the same figure. In this case, the coating precursor is first precipitated out in the bulk of the dispersion which then coagulates with the dispersed hematite core particle. Following coagulation, partial growth of tin oxide/hydroxide shell took place in parallel on the surface of hematite, generating shells around each core. Furthermore, the tin oxide/hydroxide shells are amorphous in nature. Heating at 750 C, transforms the amorphous shell into crystalline tin oxide. There was no evidence of any interaction between the coagulated species (hematite and tin oxide) during the calcination stage. These results are in agreement with our previous work 68 on tin hydroxide-coated hematite particles, wherein cassiterite shells were formed onto hematite particles by surface precipitation rather than heterocoagulation.
At this juncture, however, it is worth cautioning that in some studies reported in the literature, the core and shell materials were found to interact and generated a third phase at the interface during calcinations via thermallytriggered phase evolution; in many instances, the shell and core stayed intact and inert during calcination. Thus, the formation of new a phase at the interfacial region of the core/shell during phase evolution depends on the chemical composition of the core and shell materials as well as the thermodynamic and kinetic propensity of interaction between the two. 
Delivered by
Copper Oxide-Coated Nickel Oxide
We have demonstrated that copper basic carbonate could be successfully coated onto nickel basic carbonate particles 49 by heating aqueous dispersions of the nickel basic carbonate cores (made in urea solution) in copper nitrate solutions. The decarbonation of the coated particles is achieved by heating the composite at 700 C at a controlled ramp rate, resulting into nickel oxide cores coated with copper oxide shells. In an extension of this work, nickel basic carbonate was first prepared by the method described in detail elsewhere. 48 Adequate amount of these particles was dispersed in an aqueous solution that contained urea and copper nitrate. However, unlike in previous work, 49 the dispersion was allowed to stand for 72 h before the mixture was heated. The results are shown in Figure 12 . Image 12(A) shows a typical nickel basic carbonate particle coated with the copper analog; in the same micrograph, few monosized nickel basic carbonate bare cores could also be seen. The shells more or less are composed of thin rectangular copper basic carbonate platelets deposited in successive layers. For comparison, these coated particles were also produced according to a procedure developed elsewhere 49 and the SEM image is shown in Figure 12(B) . Interestingly, the shell is comprised of spheriods fused together. Obviously, the process of coating the suspended substrates is rather sensitive to the experimental conditions under which it is carried out. Therefore, care must be taken in order to produce coated systems with desired morphological features.
The SEM image in Figure 12 (A) further indicated that the coated particles were almost three times bigger than the core, thus giving an indication about the thickness of the shell. Figure 13 shows EDX analysis carried out on the coated particle ( Fig. 12(A) ) with distinct peaks corresponding to Ni and Cu present in the coated solids; the Au peak is due to the sputtered gold on the specimen.
The image shown in Figure 12 (C) illustrates a nickel basic carbonate core prior to its being completely engulfed Fig. 13 . Energy-dispersive X-ray (EDX) analysis profile of the coated particle, shown in Figure 12(A) .
by the platelets of copper basic carbonate. Upon heating at 700 C, both shell and core decompose, forming copper oxide and nickel oxide, respectively, in the same shell-core configuration as were the basic carbonate precursors. As seen from Figure 12(D) , the two oxides also remain intact and mutually inert during the heat-treatment.
Nickel Oxide-Coated Cadmium Oxide
Cadmium carbonate cores were coated with nickel basic carbonate shells by a procedure established earlier. 68 Figures 14(A and B) show the microscopic details of pure cadmium carbonate and nickel basic carbonate coated cadmium carbonate particles, respectively. As seen, the cadmium carbonate core consists of polygrains of high aspect ratio needles that are conjoined together at the coagulation centers; the mechanism of particle formation in this case are discussed elsewhere. 34 Upon coating, the shell (nickel basic carbonate) covers the cadmium carbonate core surface uniformly, as the contours of the coating is identical to the core (Fig. 14(B) ), signifying that the shell material is in a very close contact with the core surface. Upon suitable heat treatment, the core-shell structure is converted into corresponding CdO-NiO without noticeable changes in the chemistry or morphology. 
CONCLUSION
Solution of metal ions can be converted into dispersion of the precipitated particles either by direct addition of the base or in-situ generation of the precipitating moieties; latter method is termed as homogeneous precipitation method. Urea and hexamine have been identified two such compounds, when present in the metal ions solutions, trigger precipitation of the metal ions on solution heating. We employed both of these compounds and generated pure and coated systems of monosized particles of inorganic compounds of ceramics interest. However, results revealed that fate of the precipitate in terms of shape and size uniformity strongly depend upon composition of the starting reactant solutions and other experimental conditions. In the light of the examples illustrated in this paper, it would be amply evident that slight variations in either concentration or nature of one of the reactants could bring drastic changes in the properties of the final products. This is more so in the case of coated particles, where the time of aging of the dispersed cores in the coating mixture has pronounced affect on the morphology of the deposited shells onto the core particles.
